Key words: Lycopersicon esculentum Mill., construction cost, heat of combustion, elemental composition, mineral The construction cost of plant tissues is used in crop content. models to convert the products of photosynthesis into biomass. As for other greenhouse crops, tomato tissues are specific in that they have a high mineral
Introduction content. The consequences of this accumulation of
The construction cost represents the amount of photominerals on the construction cost of the tissues and assimilates needed to provide the carbon skeletons, the the possible interactions with the physiological age of reducing power and the chemical energy involved in the the organs and with the CO 2 concentration in the atmosynthesis of a unit weight of biomass. It varies with the sphere was examined. For that purpose, three methods chemical composition of the plant tissues: it is higher in of estimating the construction cost were used and organs containing lipids or lignin and lower in organs compared. Large quantities of minerals accumulated rich in carbohydrates. If there are clear differences in the in the tissues of tomato plants (ranging from 0.05 in chemical composition and the construction cost among fruits to 0.26 g g−1 DM in leaves). The subsequent species and organs, the phenology and the environmental dilution of the organic matter explained why the estimconditions may also need to be taken into account. A ated construction cost of the dry matter (organic major trend is the decrease in the construction cost with matter+minerals) was fairly low in comparison to that ageing of the plant or organ, as observed by Lafitte and of other crop species. The construction cost was Loomis (1988) on whole sorghum plants and by Walton higher in fruits than in vegetative organs, partly et al. (1990) on kiwifruit berries. Environmental factors because of a lower mineral content. It decreased by affect the construction cost of plants in different ways. 7-12% from top to bottom of the canopy, following the Under water limitation, the construction cost of the whole increase in the physiological age of the tissues. This plant tends to decrease as water stress induces a priority ontogenic drift was partly explained by the accumulain the allocation of energy towards low cost tissues such tion of minerals in the older organs. In the conditions as roots (Griffin, 1994) without changing the composition of CO 2 enrichment of a commercial greenhouse, no of the organs (Loomis and Lafitte, 1987 , on maize shoots). effect of CO 2 concentration on the mineral content The construction cost of the organs tends to increase with and on the construction cost of tissues was observed.
a high availability of light or nitrogen as they stimulate Such a variability of the construction cost of tomato the formation of expensive compounds for their acquisiplant tissues due to the accumulation of minerals or tion (Griffin et al., 1993 , on leaves of Pinus taeda L.; to the ontogeny questions the use of standard values in crop models.
Lafitte and Loomis, 1988 , on shoots of grain sorghum; Williams et al., 1989 , on leaves of seven Piper species). energy content of biomass (Roels, 1983) . In the most recent ones, the basic information is (1) the heat of No or little effect of temperature was reported (McCree, 1974; Walker and Thornley, 1977 ). An increase in the combustion ( Williams et al., 1987) , (2) the elemental composition (McDermitt and Loomis, 1981) and (3) the CO 2 concentration of the atmosphere may lead to a decrease in the construction cost of leaves as carbohydcarbon content ( Vertregt and Penning de Vries, 1987) . These three approaches have been compared from theorrates accumulate, resulting in a dilution effect (Griffin et al., 1993 , on leaves of Pinus taeda L.). Interactions etical and experimental viewpoints (Lafitte and Loomis, 1988; Gary et al., 1995) . In methods have been observed between the effects of nitrogen and carbon availability on the construction cost. Griffin et al.
(2) and (3), correlations between the heat of combustion and the degree of reduction (calculated from the elemental (1993) found that, under high CO 2 concentration, the construction cost was kept high when nitrogen availability composition) or the carbon content are used. There is some scatter around these relations that originate in the was increased, resulting in a higher protein content and a lower non-structural carbohydrate content. chemical composition of the tissue. The mean linear relation between the heat of combustion and the degree In crop models, the construction cost is the coefficient used to convert the carbohydrates produced during photoof reduction proposed by Williams et al. (1987) overestimates the construction cost of tissues rich in carbosynthesis into dry matter. For the time being, only a limited set of standard values of construction cost is used hydrates , but underestimates the construction cost of tissues enriched in other compounds in crop models. The age of the organs and the resource availability are not taken into account. For example, in (Lafitte and Loomis, 1988) . Similarly, the mean linear relation between the inverse of the construction cost and the SUCROS model, for the vegetative organs, the construction cost has been calculated from the mean biochemthe carbon content published by Vertregt and Penning de Vries (1987) underestimates the construction cost of tisical composition of leaves, stems and roots of three groups of crops: rice, leguminous and 'non-leguminous sues rich in phenolic compounds (Lambers and Rychter, 1989) and overestimates the construction cost of tissues except rice' (Penning de Vries et al., 1989) . It is highest in leguminous crops because more energy is required for rich in organic acids . Therefore, before using methods (2) or (3) on a new plant material, the symbiotic fixation of N 2 . Rice is given a special status among crop species by Penning de Vries et al. (1989) one should check the relations they are based on first.
In the present study, the range of variation in the because of the high mineral content of the vegetative organs (about 0.15 g g−1 DM, mainly silicates).
construction cost of leaf, stem and fruit tissues of tomato plants was determined. The influence of the high mineral In the absence of specific data for tomato crops, the mean coefficients for 'non-leguminous except rice' crops content expected in this species was examined and the effect of the organ age was explored. CO 2 concentration have been used in tomato models (Bertin and Heuvelink, 1993) . However, the mineral content in tomato tissues is in the atmosphere can be controlled in modern greenhouse cultivation systems and its effect on the construction cost high (Ho, 1976) similar to other greenhouse crops such as cucumber (Challa, 1976; Marcelis and Baan Hofman- of tissues is questioned here in conditions normally encountered in commercial greenhouses. As this was a first Eijer, 1995; Schapendonk and Challa, 1984) , sweet pepper and eggplant (Gijzen, 1994) . The ash content, that generstudy on tomato plant tissues, three methods were used to estimate the energy content of the biomass in order to ally overestimates the mineral content (Lafitte and Loomis, 1988; Masle et al., 1992) , may reach values up determine the proper relations between the heat of combustion, the degree of reduction and the carbon content to 0.27 g g−1 DM in tomato leaves (Ho, 1976; Gijzen, 1994) whereas it is seldom higher than 0.13 g g−1 DM in to be used later on this species. the vegetative organs of leguminous and 'non-leguminous except rice' crops (Penning de Vries et al., 1989; Masle et al., 1992) . Therefore, the construction cost coefficients
Materials and methods
currently used in tomato crop models may be questioned Construction cost of tomato plant organs 51 the crops experienced daily mean CO 2 concentrations during (kJ g−1) and the molar mass (g mol−1) of glucose, respectively, and 24 is the number of electrons involved in the oxidation of the light period of about 500 ml l−1 (for more details on the time-course of light, temperature and CO 2 conditions, see one mole glucose. If not measured, the heat of combustion can be estimated from the degree of reduction c (mol mol−1) with Bertin, 1995) . The development of the cultivar used was sympodial and indeterminate. All axillary buds were removed the 'elemental composition' method: so that sympodial units made of three leaves and one DH c =a 1 c (2) inflorescence (or truss) appeared successively, once every 8-10 d, along the single stem. Plants were harvested late March 1990 with: when the ninth truss (on top of the canopy) was setting fruits c=4c∞+h∞−2o∞ (3) while fruits on the first truss (in the bottom of the canopy) were maturing. Sampling took place just after sunrise when the where c∞, h∞ and o∞ are the carbon, hydrogen and oxygen contents (mol g−1), respectively. At last the heat of combustion carbohydrate pools in the leaf blades were expected to be depleted (Seginer et al., 1994) . All fruits from the same truss can be estimated from the carbon content: were pooled in one 'fruit' sample, all leaves from the same DH c =a 2 c∞+a 3 (4) sympodial unit (two leaves under and one leaf above a truss, except for the first unit that held nine leaves) in one 'leaf ' a 1 , a 2 and a 3 are parameters that vary within a certain range in relation with the chemical composition of the tissue (Gary sample and all corresponding internodes and petioles in one 'stem' sample. On each plant, the physiological age of the et al., 1995). In equations 1, 2, 3, and 4, all variables are expressed per gram organic matter. The construction cost C sympodial units was expressed in number of trusses from the truss that was setting fruits at the moment of harvest: for can also be expressed per gram dry matter (organic matter + minerals) by dividing it by (1+A), where A is the mineral example, the first truss was aged 8 on average. This study focused on trusses of age 2, 3, 5 and 7, the latter bearing fruits content (g g−1). McDermitt and Loomis (1981) also considered the reduction close to maturity. Flowers and setting fruits were also harvested and placed on the same age scale, i.e. between −2 and 0. One status of the source of sulphur in the calculation of the degree of reduction. S content was ignored here as expected concentrato five replicas could be harvested on different plants for each observed organ and age class. All these samples were frozen in tion values in tomato tissues range between 2 and 5 mg g−1 DM (Cerda et al., 1984) . Thus, taking account of sulphur liquid nitrogen and freeze-dried. Before analysis, they were ground to 125 mm. Dryness was checked on an aliquot just would change the construction cost by less than 1%. Note that, unlike Vertregt and Penning de Vries (1987) , the before the analyses.
nitrogen content was taken into account in order to correct the estimation of the construction cost from the carbon content, as Determination of the heat of combustion, elemental composition suggested by Poorter (1994) and Gary et al. (1995) . Vertregt and mineral content and Penning de Vries (1987) based their approach on a All analyses were carried out on 'fruit', 'leaf ' and 'stem' samples correlation between carbon content and glucose cost, that is from the sympodial units of ages 2, 3, 5, and 7 and from both estimated with the hypothesis that ammonium is the only N the control and CO 2 -enriched greenhouse compartments. source. The correction suggested by Poorter (1994) is needed The heat of combustion was measured with an adiabatic when nitrate is the N source instead. The approach here is calorimeter at constant volume (Gallenkamp, model CB-200, comparable, but based on a relation between carbon content London, UK ). For each sample, these determinations were and heat of combustion (Gary et al., 1995) . In the process of replicated three times.
combustion, nitrogen is released as N 2 with a valence k=0. A The elemental composition was determined with a CHNS/O correction is needed then when either ammonium (k=−3) or microanalyser (Carlo Erba, model EA 1108, Milan, Italy) .
nitrate (k=+5) are the N sources. For this correction, total Carbon, nitrogen and hydrogen contents were measured after nitrogen was measured, including organic nitrogen and mineral a flash combustion and oxygen content after pyrolysis of nitrogen (mainly nitrate) whereas only organic nitrogen samples (2-3 mg). For each sample, these determinations were (reduced-N ) should be considered. On the basis of available replicated three times.
data (Gijzen, 1994; Le Bot, unpublished results) , it is possible to The mineral content was determined by subtracting the estimate the error made on the calculation of the construction fraction of organic material (carbon+hydrogen+oxygen+ cost when nitrate is included in the nitrogen content of the nitrogen) to one and the ash content by weighing the residual plant tissues. In tomato plants, nitrate is mainly stored in stems after combustion in the calorimeter.
where nitrate-N to total-N ratio decreases from about 0.5 in the oldest internodes to almost naught in the youngest. In the Calculation of the construction cost leaves, the nitrate-N to total-N ratio decreases similarly, starting from about 0.1 in the oldest leaves. In the fruits, nitrate-N is In the 'heat of combustion' method, the construction cost C negligible. Therefore, on this basis, considering total nitrogen (g g−1) is:
instead of organic nitrogen leads to an underestimation of the construction cost of the plant tissues, mainly stems, by a factor
(1) of less than 2.5%.
where E G (mol mol−1) is the biosynthetic efficiency (estimated to 0.88 by McDermitt and Loomis, 1981) , DH c (kJ g−1) the
Results and discussion
heat of combustion and n∞ (mol g−1) the nitrogen content
Elemental composition and mineral content ( Williams et al., 1987) . Coefficient k is the valence of nitrogen in the substrate used for biosyntheses. In this study, k=−3 as Tomato leaves, stems and fruits differed in their elemental ammonium was considered to be the sole N source, the composition (Fig. 1 ). Leaves and very young fruits were reduction of NO 3 − being realized in leaves during photosynthesis. Coefficients 15.65 and 180.15 are the heat of combustion the richest in nitrogen and the poorest in oxygen (not shown) whereas fruits were the richest in carbon and hydrogen (not shown). Carbon content decreased significantly (P<0.05) with the physiological age in leaves whereas it remained fairly stable in stems and fruits. Nitrogen content decreased significantly (P<0.05) with the physiological age in leaves and fruits but not in stems. Mineral content was higher in vegetative organs than in fruits and it increased significantly (P<0.05) with the physiological age in leaves, remained stable in stems and slightly decreased in fruits. It contributed then to explain the decrease during development in carbon and nitrogen content in leaves and the difference between fruits and vegetative organs. In the conditions of our experiments, no systematic difference in carbon, nitrogen or mineral content was observed between plants grown under low or high CO 2 concentration in the atmosphere. In vegetative organs of tomato plants, comparable trends have already been observed: from top to bottom of the canopy, i.e. from young to old organs, several studies report that the carbon and nitrogen contents decrease while the ash or mineral content increases (Ho, 1976; Brun, 1984; Gijzen, 1994) . In reproductive organs, Andriolo (1995) observed that the nitrogen concentration is quite high in flowers and young fruits but it drops quickly after fruit setting and remains fairly stable then until fruit maturity. In a study on 24 wild species differing in their relative growth rate, Poorter and Bergkotte (1992) observed a negative correlation between carbon and mineral content, the first ranged between 0.37 and 0.44 g g−1 DM whereas the latter ranged between 0.08 and 0.17 g g−1 DM.
The relative stability of the elemental composition of fruits reflects the absence of dramatic changes in chemical composition during their development (Ho and Hewitt, 1986; Salunkhe et al., 1974) . The major components of tomato fruits are carbohydrates and organic acids and the time-course of the chemical composition is mainly the result of changing ratios within families of products (e.g. starch/sugars, malic acid/citric acid, chlorophyll/pigments). Even if seeds contain reserve material such as lipids and proteins that are rich in energy ( Varga and Bruinsma, 1986) , they generally do not represent more than 4% of the fruit dry weight ( Vaissière, unpublished results). Therefore, the development of seeds does not significantly affect the elemental composition of the whole fruit, as observed on kiwifruit berries .
The CO 2 concentration in the atmosphere had little effect, if any, on the carbon content of plant tissues. In a Fig. 1 . Carbon, nitrogen and mineral contents of leaves (+, 6), stems (&, % ) and fruits ($,#). Mean +95% confidence interval. Open symbols=plants without CO 2 enrichment; closed symbols=plants with CO 2 enrichment. The physiological age is calculated as the number of trusses from the truss setting fruits (which is aged 0).
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survey on the effects of elevated CO 2 on 47 species, Poorter et al. (1992) observed that the ratio in carbon content of plants grown at high CO 2 concentrations to that of plants grown at normal CO 2 concentrations ranges between 0.95 and 1.07. On tomato plants, Ho (1976 Ho ( , 1978 found a ratio in between 1.01 and 1.05 with 1000 ml l−1 CO 2 provided daily for 7-10 h. Loomis and Lafitte (1987) found no effect of CO 2 concentration (from ambient to ambient plus 300 ml l−1) on the elemental composition of maize plants. There are certainly two reasons why the carbon content of tomato plant tissues was not affected by the CO 2 enrichment in this experiment. First, the mean daily CO 2 concentrations during the light period differed only by about 30% in the two greenhouse compartments. Second, in the 'beefsteak' cul- Fig. 2 . Relation between ash and mineral content of leaves (+, 6), tivar grown, the sink strength of fruits was high (Bertin, stems (&, %) and fruits ($,#). Open and closed symbols as in Fig. 1. 1995): therefore, the increase in assimilate production under moderate CO 2 enrichment was translocated and combustion (Masle et al., 1992 ). Yet, ash content is not accumulated in leaves. always higher than mineral content calculated as the sum The high mineral contents of the tomato plant tissues of measured individual inorganic elements (Lafitte and used in these experiments are typical of greenhouse crops. Loomis, 1988; Masle et al., 1992) . The mineral content Therefore it may be assumed that in soilless cultivation may have been overestimated if there was not full recovery systems, where highly concentrated nutrient solutions are of the four elements analysed and subtracted from one. provided to the crops, major elements accumulate in plant tissues well above the critical level allowing maximum Correlation between the heat of combustion, the degree of yield. Hence, in tomato leaves, up to 0.070 g g−1 DM reduction and the carbon content potassium, 0.037 g g−1 DM calcium, 0.018 g g−1 DM phosphorus, and 0.008 g g−1 DM magnesium have been
The range of values of energy content obtained on the various organs of tomato plants was fairly limited and so measured in conditions of nutrient availability similar to those of the commercial production in greenhouses (Brun, the closeness of the data to the various correlations observed and discussed in the literature was checked 1984; Gosselin and Trudel, 1983; Sonneveld and Welles, 1988) .
rather than carrying out new calibrations. On a mineralfree basis, the heat of combustion was correlated with In the present study, the mineral content of tissues was considered to be equal to one minus the fraction of the degree of reduction (Fig. 3) . A certain variability was expected because the degree of reduction provides organic material. As the ash content is more commonly measured than mineral content, the ash content measured information only on the stoichiometry of molecules, whereas the structure of these molecules also affects the after combustion in the calorimeter was compared to the mineral content ( Fig. 2) . For all samples, ash and mineral energy content. McDermitt and Loomis (1981) suggested that this scattering should be bounded by two theoretical contents correlated fairly well yet ash content was often higher for leaves and lower for fruits than mineral content. lines representing the same correlation for carbohydrates and other compounds. As a whole, our samples laid Vertregt and Penning de Vries (1987) suggested that the weight of minerals is only 2/3 of the weight of ash from around the lower limit whose slope is a 1 =108 kJ mol−1 ( Equation 2). This value of a 1 was adopted in the the assumption that the weight of inorganic ions is about the same as that of organic anions which are converted following estimations of the construction cost from the degree of reduction. into carbonates during the process of combustion with a weight reduction of 50%. The same authors assessed that Still on a mineral-free basis, the heat of combustion was also correlated with the carbon content of the plant these rules of thumb are valid only for storage organs and leaves with a mean mineral content of 0.06 g g−1 DM tissues ( Fig. 4) . About this relation, Vertregt and Penning de Vries (1987) proposed a linear correlation with a slope and 0.013 g g−1 DM, respectively. These findings were not corroborated here and it is suggested that with higher of 870 kJ mol−1. This seems too high for the tissues analysed here. Again, such a relation is not independent mineral contents these approximations may not be valid. More generally, the relationship between mineral and ash of the chemical composition of the tissues. Hence, tissues with a high energy content exhibit different behaviour contents varies, even within the same species, depending on the contribution of various elements; some, such as as depending on whether lipids or lignin predominate (Gary et al., 1995) . For tissues with low carbon and energy chloride, disappearing and others being oxidized during
Construction cost of leaves, stems and fruits of tomato plants
With the values of coefficients a 1 , a 2 and a 3 adopted in the previous section, the construction cost of leaves estimated from the three methods compared reasonably well ( Fig. 5) . For the medium-aged and oldest fruits, however, lower construction cost values were obtained using the method based on the heat of combustion. Accordingly, fruit tissues presented a particular behaviour in the relation between the heat of combustion and the carbon content ( Fig. 4) : equation 4 tended to overestimate the heat of combustion of these tissues. However, the differences between the three methods were lower than 5% for leaves and 10% for stems and fruits. observed similar discrepancies when applying O g−1 DM ). These differences and changes were not contents, recalculated from Vertregt fully explained by the variations in the mineral content and Penning de Vries (1987) a specific relation which fits of these organs. For a given organ, the construction cost better our low carbon content set of data (Fig. 4) . After conversion of the glucose equivalents (expressed in g became higher when the mineral-free biomass was considglucose g−1 biomass) in the regression of Walton et al. ered, but the pattern of decreasing construction cost down (1990) into heats of combustion (by multiplying by the the stem axis remained: the decrease was significant heat of combustion of glucose), coefficients a 2 = (P>0.05) in leaves (from 1.27 to 1.19 g CH 2 O g−1 DM ) 648.5 kJ mol−1 and a 3 =−7.333 kJ g−1 could be calcuand fruits (from 1.38 to 1.26 g CH 2 O g−1 DM ) but not lated ( Equation 3).
in stems (1.16 to 1.08 g CH 2 O g−1 DM ). For leaves, such a decrease in the construction cost from top to bottom of the canopy has already been observed on tomato and sweet pepper plants (Gijzen, 1994) . This might be due to plant ontogenesis. Hence, ontogenic changes in the construction cost have been described for whole plants of grain sorghum by Stahl and McCree (1988) . These authors related the decrease in construction cost with a decrease in protein synthesis in maturing plants. VarletGrancher et al. (1982) measured the time-course of the heat of combustion and of the ash content of whole plants of maize, sugarcane and lucerne along crop cycles. They concluded that part of the changes in energy content could be explained by simultaneous changes in ash content. However, the general trend in all species was that the heat of combustion of the organic fraction of the biomass decreased with the ageing of the plants.
In this study, high mineral contents were found in the house crops (Challa, 1976; Gijzen, 1994; Marcelis and estimated from the mean chemical composition of 'nonleguminous except rice' species which are presently used in tomato models (1.39 and 1.45 g CH 2 O g−1 DM, respectively). The estimations are also lower than those of Gijzen (1994) that were nevertheless based on the analysis of tissues of tomato plants. This is due to the lower carbon and higher nitrogen contents of the vegetative tissues used here but not to their different mineral contents. It is hard to conclude whether such differences in composition come from analytical problems or are due to real variations within the same species. It may also be argued that since Gijzen (1994) applied Vertregt and Penning de Vries' method (1987) to calculate the construction cost, he used their regression based on high carbon content tissues rather than that calculated by for lower carbon content biomass (cf. Fig. 4) . Therefore, he overestimated the construction cost of tomato tissues by 0-7%. This argument may also apply to the data of Marcelis and Baan Hofman-Eijer (1995) who overestimated by about 5% the specific respiratory cost for the growth of cucumber fruits, in comparison with values of growth respiration obtained from measurements of respiratory activity, dry weight and growth rate.
For similar reasons, estimations of the construction cost of tomato fruits used in these experiments are also lower than those of Gijzen (1994) when he used Vertregt and Penning de Vries' method (1987) . However, they are comparable to the results of Walker and Thornley (1977) who estimated the construction cost of tomato fruits of different physiological ages from regressions between the specific respiration rate and the specific growth rate. Lastly, this study's estimations are lower than the 1.42 g CH 2 O g−1 DM construction cost calculated by Penning de Vries et al. (1983) from the biochemical composition of mature tomato fruits. These authors based their estimation on the mean biochemical composition of mature fruits taken from a single source ( Table 1) . Moreover, for several compounds (organic acids and lignin), only estimated concentrations were used, but their values were fairly high as compared to others (Gijzen, 1994) . In fact, the published compositions of mature tomato fruits vary noticeably ( Table 1 ) and lead to a range of calculated construction costs. This variability may be genetic or depend on the environment (Davies and Hobson, 1981) .
Conclusion
Because of the high mineral content encountered in the organs of tomato plants as in other greenhouse crops, their construction cost is fairly low in comparison to that of most other crop species (Penning de Vries et al., 1989) .
estimated from the heat of combustion (6), the elemental composition (%) and the carbon content (#). Mean +95% confidence interval. The Moreover, for a specific tissue, the published values of physiological age is calculated as the number of trusses from the truss the construction cost vary. This may be due to uncertainsetting fruits (which is aged 0). ties in the measurement of the chemical or elemental composition of the tissue, to uncertainties in the calcula- production. These analyses show that, in the present Répertoire général des aliments. in the construction cost that should not be ignored.
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